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ABSTRACT:
In Iberia there are 51 officially recognized cattle breeds of which 15 are found in Portugal and 38 in Spain. We present here a comprehensive analysis of the genetic diversity and structure of Iberian cattle. Forty of these breeds were genotyped with 19 highly polymorphic microsatellite markers. Asturiana de los Valles displayed the greatest allelic diversity and Mallorquina the least. Unbiased heterozygosity values ranged from 0.596 to 0.787. The network based on Reynolds distances was star-shaped with few pairs of interrelated breeds and a clear cluster of 4 breeds (Alistana/Arouquesa/Marinhoa/Mirandesa). The analysis of the genetic structure of Iberian cattle indicated that the most probable number of population clusters included in the study would be 36. Distance results were supported by the STRUCTURE software indicating a relatively recent origin or possible crossbreeding or both between pairs or small groups of breeds. Five clusters included 2 different breeds (Betizu/Pirenaica, Morucha/Avileña, Parda de Montaña/Bruna de los Pirineos, Barrosã/Cachena, and Toro de Lidia/Brava de Lide), 3 breeds (Berrenda en Negro, Negra Andaluza, and Mertolenga) were divided in 2 independent clusters each, and 2 breeds were considered admixed (Asturiana de los Valles and Berrenda en Colorado). Individual assignation to breeds was not possible in the 2 admixed breeds and the pair Parda de Montaña/Bruna de los Pirineos. The relationship between Iberian cattle reflects their geographical origin rather than their morphotypes. Exceptions to this geographic clustering are most probably a consequence of crossbreeding with foreign breeds. The relative genetic isolation within their geographical origin, the consequent genetic drift, the adaptation to specific environment and production systems, and the influence of African and European cattle have contributed to the current genetic status of Iberian cattle, which are grouped according to their geographical origin. The greater degree of admixture observed in some breeds should be taken into account before using molecular markers for genetic assignment of individuals to breeds.
INTRODUCTION
It is generally assumed that most cattle breeds from the Iberian Peninsula originated in the Near East, from where they followed several migration routes (Troy et al., 2001; Beja-Pereira et al., 2003) . Because of its geographical location, the Iberian Peninsula can be considered a contact zone between the African and European continents through the Strait of Gibraltar. The peoples inhabiting the Iberian Peninsula throughout history have contributed to the wide variety of autochthonous cattle breeds extant in this territory.
After domestication, a slow genetic improvement of European cattle occurred until the 19th century. Then 1 We gratefully acknowledge the collaboration and assistance of breed associations in the sampling of animals. We also thank Carmen Cons for technical assistance in microsatellite genotyping and the sysadmin of Instituto de Investigación en Ingeniería de Aragón (i3A) for assistance in the use of a high-performance computing environment. We acknowledge the financial support of Instituto Na- a rapid increase in beef and dairy production was achieved through the use of a limited number of breeds (Medugorac et al., 2009) , and during the last century, many cattle breeds became extinct (Köhler-Rollefson, 2000) .
Officially recognized autochthonous Iberian cattle include 15 Portuguese and 38 Spanish breeds. Molecular characterization of animal genetic resources may contribute to a rational approach to conservation (European Cattle Diversity Consortium, 2006) . During the last few years, partial genetic studies used microsatellite markers to characterize Spanish or Portuguese cattle (Cañón et al., 2001; Beja-Pereira et al., 2003; Cymbron et al., 2005; Martin-Burriel et al., 2007; Ginja et al., 2010b) , but a thorough analysis of Iberian cattle breeds has not been carried out thus far.
A consortium of research groups was created in 2007 in the framework of the CONBIAND network (http:// www.uco.es/conbiand), and one of its goals was to characterize the genetic diversity of Iberian cattle. In this study, we merged previously obtained genotypic information for Portuguese and Spanish breeds, and also included newly generated genotypic data for 12 breeds from the Northern and Southern Iberian Peninsula and the Canary Islands, assembling a large microsatellite data set on Spanish and Portuguese cattle breeds, which was used to investigate their global genetic variability, structure, and breed relationships.
MATERIALS AND METHODS
The procedure for blood collection from commercial farm animals followed the recommendations of the Joint Working Group on Refinement (1993).
DNA Sampling and Microsatellite Analyses
Forty autochthonous populations from Spain (n = 27) and Portugal (n = 13) were included in this study to represent Spanish and Portuguese cattle: Alistana (Table 1) . Efforts were made to ensure that samples were from unrelated animals, registered in herd books, and from a broad geographic area. In the case of the Fighting Bull, samples from Spain and Portugal were collected, whereas for MARS 2 subpopulations were considered (i.e., MARS, which includes animals sampled from several private farms located in the area of Doñana National Park; and MOST, including animals of the same type owned and raised by the Biological Station of Doñana, which have been mostly kept as a closed herd for several years).
The DNA was extracted from blood or hair roots from a total of 1,924 animals, using previously described procedures (Martinez et al., 2000; Martin-Burriel et al., 2007; Ginja et al., 2010b) . Twenty-one microsatellite loci distributed across 18 bovine chromosomes and recommended by the Food and Agriculture Organization (FAO, 2004) for use in genetic diversity studies were analyzed: BM1818, BM1824, BM2113, CSRM60, CSSM66, ETH3, ETH10, ETH185, ETH225, HAUT27, HEL9, ILSTS6, INRA32, INRA35, INRA37, INRA63, MM12, SPS115, TGLA53, TGLA122, and TGLA227 . Microsatellite loci were amplified through PCR using either α[ 32 P]-deoxycytidine triphosphate or fluorescence-labeled primers as described previously (MartinBurriel et al., 1999; Ginja et al., 2010b) . Products of PCR were separated by electrophoresis in 6% denaturing polyacrylamide gels or with capillary genetic analyzers (ABI 377 XL and ABI 3130, Applied Biosystems, Foster City, CA) according to the manufacturer's recommendations. Allele sizes were determined with the internal size standards GeneScan-400HD ROX and GeneScan-500 LIZ (Applied Biosystems, Warrington, UK), respectively. Allele nomenclature was standardized following a former European research project (EU RESGEN CT 98-118) on cattle diversity. To ensure compatibility of results from different equipment and laboratories, a total of 30 samples representing the entire allele ranges for this set of markers were genotyped in all participating laboratories. Reference samples were also used in each electrophoresis to standardize results. Data for INRA35 and INRA37 were removed from the further analysis of genetic variability, distances, and structure due to the presence of null and 1-bp insertion/deletion alleles, respectively.
Genetic Variability and Neutrality
Allele frequencies for each locus were obtained by direct counting with GENEPOP (Raymond and Rousset, 1995) . This program was also used to test for deviations from Hardy-Weinberg equilibrium (HWE) and for heterozygote deficit using a Markov chain method to estimate the P-values. Fisher's method was applied to calculate the significance of the HWE probabilities across loci.
The mean number of alleles per locus (MNA) and allelic richness, which corresponds to the corrected mean Continued number of alleles per population based on a minimum sample size (n = 10), were calculated using FSTAT (Goudet, 2002) . Unbiased expected (H E ) and observed (H O ) heterozygosities were calculated with the MI-CROSATELLITE Toolkit software for Excel (Park, 2001) . Alleles were classified based on their frequency as described by Medugorac et al. (2009) and according to the following: common alleles, if they appeared across most populations; private alleles (pA), those observed exclusively in 1 breed; and rare alleles (rA), the nonprivate alleles with frequencies less than 0.01 across the entire data set. The inbreeding coefficient (F IS ) per population and the corresponding 95% confidence interval after 1,000 bootstraps were calculated using GENETIX software (Belkhir, 2001 ). Estimators of F IT (inbreeding coefficient of an individual relative to the total population), F ST (the effect of subpopulations compared with the total population), and F IS (inbreeding coefficient of an individual relative to the subpopulation; Weir and Cockerham, 1984) were calculated per locus with FSTAT (Goudet, 2002) . The probability that each locus is under selection was estimated using a Bayesian method (Foll and Gaggiotti, 2008) as implemented in the program BayeScan (http://www-leca.ujf-grenoble.fr/logiciels.htm).
We applied a decisive Jeffreys' scale of evidence that corresponds to a posterior probability >0.99.
Genetic Distances
Breed relationships were analyzed with Reynolds genetic distances estimated in PHYLIP (Felsenstein, 1993) . A neighbor-joining tree (Saitou and Nei, 1987) was obtained with the CONSENSE application of this software and 1,000 bootstrap replicates. The neighbornet method (Bryant and Moulton, 2004) as implemented in SPLITSTREE software (Huson and Bryant, 2006) was also used to compute a network based on Reynolds distances to graphically represent breed relationships and admixture.
Genetic Structure
The Bayesian model-based method developed by Pritchard et al. (2000) and implemented in the STRUC-TURE software (http://pritch.bsd.uchicago.edu/structure.html) was used to investigate population structure and define clusters of individuals on the basis of multilocus genotypes for 19 microsatellite markers. The number of assumed populations (K) varied between 2 and 40. For each K, 10 independent runs were performed with a burn-in of 10 5 and Markov chain Monte Carlo length of 10 6 iterations under an admixture and correlated allele frequencies model. The average and SD of the logarithmic likelihood [L(K)] of the data were estimated across 10 runs for each K value. The most probable number of population clusters was determined by plotting L(K) and also using the distribution of ΔK (Evanno et al., 2005) . To investigate further popula- Breed status: commercial (Com), increasing census (I), endangered (E), highly endangered (HE), semiferal (SF).
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Diversity of Iberian cattle tion subdivisions, the major clusters identified with STRUCTURE were reanalyzed using the same settings and assuming K = 2 to K = n + 3 (n being the number of predefined breeds included in each cluster). After assessing the most likely number of underlying populations, the results were graphically displayed with DISTRUCT (available at http://rosenberglab.bioinformatics.med.umich.edu/distruct.html; last accessed October 15, 2009). Assignment tests were performed with STRUCTURE without using prior information of source breeds. The proportion of the genotype of each individual in each cluster or breed (q) obtained with STRUCTURE without using prior information of source breeds were used for assignments. The percentage of individuals correctly assigned to source breeds was calculated for q > 0.80 and q > 0.95 thresholds. For clusters involving 2 breeds, additional runs were performed for K = 2 to obtain individual q values (Leroy et al., 2009) .
RESULTS

Diversity of Portuguese and Spanish Cattle Populations
A total of 248 alleles were detected across 19 microsatellite loci in the 40 Spanish and Portuguese cattle breeds studied. Diversity values per locus are shown in Supplemental Table S1 (available at http://jas.fass.org/ content/vol89/issue4/). The MNA per locus was 13, ranging between 9 (BM1824, ETH10, and INRA063) and 22 (TGLA122). The genetic diversity observed in the breeds studied is summarized in Table 1 . Predominant alleles differed across populations and the greatest number of pA was 3 in VCAN and MARS breeds. The greatest number of rA was observed in ASTV (22). In most cases, pA and rA had decreased frequencies (≤0.05), but the pA observed in SAYA at INRA32 (170 and 172) had increased frequencies (0.45 and 0.190, respectively), being the predominant alleles in this breed.
Rare allele 128 at HAUT27 in BETI also had a greater frequency (0.237). Overall, MALL showed the least MNA per locus (4.789) and allelic richness (3.762), whereas ASTV displayed the greatest values for both of these variables (9.737 and 6.499, respectively, Table  1 ).
Three zebu-diagnostic alleles described in locus ETH225 (MacHugh, 1996) were detected in Spanish cattle, with allele 154 detected in MOST and MONC, allele 160 in MARS, and allele 158, which has been described in greater frequencies in African zebu, in VCAN and RGAL. The TGLA227-79 zebu-diagnostic allele (Lirón et al., 2006) was observed in 19 breeds (TUDA, PASI, RGAL, BETI, MORU, STER, BARR, CACH, PRET, RAMO, MARS, BCOL, BNEG, PAJU, AROU, MARI, TLID, BRAV, and GARV). Finally, West African taurine allele BM2113-123 (MacHugh, 1996 was detected mainly in southern Iberian breeds (VCAN, GARV, ALEN, NAND, BNEG, BCOL, MARS, MERT, and RETI), but also in 3 northern Spanish cattle (BETI, ASTM, ASTV). On the contrary, the African zebu allele BM2113-131 (MacHugh, 1996 was mainly present in northern populations (ASTV, ASTM, MONCH, TUDA, PASI, SAYA, RGAL, PIRE, RET, PAJU, AROU, MARO, and MINH).
Overall genetic diversity of Iberian cattle was high, with MNA = 7.6 1 ± 1.10, H E = 0.685 ± 0.049, and H O = 0.651 ± 0.050. Expected heterozygosity by breed F ST (Supplemental Table S1 , available at http://jas. fass.org/content/vol89/issue4/).
HWE and Neutrality
All populations except MINH and PRET showed deviations from HWE at 1 or more loci (Table 1) . Deviations from HWE across loci were significant in 24 populations for a P < 0.05 obtained with Fisher's method, in most cases due to heterozygote deficit. The breed that showed the greatest proportion of loci in disequilibrium was BNEG (9 loci) with a significant deficit of heterozygosity for 4 loci, whereas MERT presented 7 loci with HWE deviations and the greatest number of loci with heterozygote deficit (9 loci).
Using a stringent criterion, 4 loci (SPS115, HEL9, MM12, and BM1818) showed decisive evidence for directional selection with a posterior probability >99%. Three of these loci coincided in known QTL regions according to Cattle QTLdb (2010). The microsatellite SPS115 is a flanking marker for a QTL affecting KPH percentage (Kim et al., 2003) , HEL9 for clinical mastitis and somatic cell count (Klungland et al., 2001) , and 
Genetic Relationships Among Breeds
The neighbor-net based on Reynolds distances (Figure 1) had a star-like shape consistent with a close genetic relationship among Portuguese and Spanish cattle breeds. Some clusters and pairs of interrelated breeds were in agreement with the greatest bootstrap values of the neighbor-joining tree. For instance, the Portuguese BARR and CACH grouped together (99% bootstrap), as did Spanish and Portuguese fighting cattle TLID and BRAV (94%), the Doñana populations MOST and MARS (98%), the mountain cattle BRUP and PMON (89%), the 2 Canary breeds (VCA and PALM, 67%), and the cluster containing the Portuguese MIRA, MARI, and AROU and the Spanish ALIS (bootstrap values ranging from 59 to 76%). The most divergent populations were BRAV, BNEG, GARV, MALL, MENO, MIRA, MOST, PALM, and TLID. Reynolds distances were also calculated using the 15 neutral markers, and a neighbor-joining tree was constructed displaying very similar results (data not shown).
Genetic Structure
The results obtained in the analysis with STRUC-TURE showed an increase in the likelihood of the data with the number of clusters considered, reaching a plateau at K = 26 to 35 (Supplemental Figure S1 , available at http://jas.fass.org/content/vol89/issue4/). The greatest ΔK was obtained at K = 4 (24.4) followed by K = 35 (20.2). The genetic structure detected at low K values might indicate more a ancestral subdivision of cattle populations that could precede breed formation. For K = 4, the following breed groups were identified (Figure 2 ): cluster I included most of the North and Central Spanish breeds, together with the 2 Balearic cattle; cluster II grouped the 2 Brown Alpine-derived breeds (PMON and BRUP), most of the Andalusian cattle, as well as the Northern (MINH, BARR, CACH) and Southern (PRET and MERT) Portuguese breeds with cattle from Azores (RAMO); cluster III included the Northern Portuguese breeds MARI, ARO, MARO, and MIRA and the Spanish ALS, which inhabits a neighboring geographic area from that of MIRA, and the Southern Portuguese breed ALEN; and cluster IV included the 2 fighting cattle (TLID and BRAV) populations, the 2 Canarian breeds (VCAN and PALM), and the Portuguese GARV. The contribution of each of these clusters to each breed is shown in Table 2 . On average, this contribution was greater than 70% in 19 breeds, whereas the remaining breeds displayed a greater degree of admixture. Breed average membership proportions (Q) in each ancestral cluster ranged from 0.394 in STER to 0.948 in MIRA. Apart from cluster IV, and the STER and ALEN breeds, the clusters obtained were generally consistent with the neighbor-net.
For each ancestral cluster, further substructure was detected as inferred through L(K) and ΔK (Supplemental Figure S1 and Table S2 , available at http://jas. fass.org/content/vol89/issue4/). Cluster I could be split into K = 12 groups with 10 breeds forming independent clusters (ASTM, MONC, TUDA, PASI, SAYA, RGAL, RETI, STER, MENO, and MALL), MORU and AVIL clustering together as well as BETI and PIRE, whereas ASTV was admixed. In 7 breeds the proportional contribution of the inferred clusters was greater than 70%, and 5 other breeds displayed proportions greater than 60%. The breeds that displayed a greater degree of admixture were ASTV, BETI, and STER (Supplemental Table S2 , available at http://jas.fass.org/content/vol89/issue4/). The partition of cluster II was consistent with breed histories, with 2 clusters including each 2 closely related breeds (PMON and BRUP; BARR and CACH), whereas 3 other breeds showed substructure (NAND, BNEG, and MERT). Average Q values for each of the breeds included in this cluster were somewhat less than those found in other clusters, such that only 3 breeds showed values >70%, whereas the remaining breeds showed some level of admixture. No specific cluster was found for BCOL, with approximately 50% of the animals grouping together with the NAND breed and other 15% of the animals clustering with MARS breed. For cluster III, using the Ln[L(K)] method, it was possible to identify 6 clusters that were consistent with the predefined breeds (ALIS, ALEN, AROU, MARI, MARO, and MIRA). Although ΔK displayed the most probable K = 7, which identified substructure in AROU (data not shown), we used the smallest K as a general precautionary rule as suggested Diversity of Iberian cattle by Pritchard et al. (2000) . In this cluster, average Q values were >75% in all breeds. Finally, and for cluster IV, 3 breeds appeared as independent clusters (VCAN, PALM, GARV), whereas TLID and BRAV clustered together. The 2 Fighting Bull populations did not split in 2 independent clusters until reaching K = 7. Average Q values in each breed within this cluster were high (>88%). In summary, second-order STRUCTURE analyses revealed 36 as the most probable number of clusters. Clusters III and IV included breeds that were more differentiated, whereas the breeds within the other 2 clusters showed greater levels of admixture ( Figure  2 and Supplemental Table S2 , available at http://jas. fass.org/content/vol89/issue4/).
The presumed influence of Brown Swiss in 4 Spanish populations (ASTV, BRUP, PMON, and STER) was tested in STRUCTURE without using prior breed information, as well as in 2 Portuguese breeds (MINH and RAMO) that seemed to be closely related to PMON and BRUP in the genetic distance analysis (Figure 1 ). Assuming K = 2 to K = 7, the settings included a burn-in of 10 5 and an Markov chain Monte Carlo length of 10 6 iterations. Brown Swiss genotypes have been described previously (Martin-Burriel et al., 2007) . The analysis revealed K = 6 as the most probable number of clusters, being PMON and BRUP included in a single cluster but clearly differentiated from the BRSW. The genetic proportion (Q) that Spanish breeds shared with Brown Swiss ranged from 4.2% in STER to 7.5% in ASTV (Supplemental Table S3 , available at http:// jas.fass.org/content/vol89/issue4/). The BRSW contribution in Portuguese breeds was very small (1.6 and 1.2% for MINH and RAMO, respectively). The main contribution to STER resulted from the PMON-BRUP and ASTV clusters (11.1 and 19.8%, respectively), with the proportion shared with BRSW being very small (4.2%).
Breed Assignment
Individual q values obtained in the 4 ancestral clusters were used for breed assignment. Independent analyses were done for K = 2 to assign individuals to the breed pairs ASTV/ASTM, BETI/PIRE, MORU/AVIL, PMON/BRUP, BARR/CACH, and TLID/BRAV. The percentage of individuals assigned to each cluster are shown in Table 2 for q > 95% and q > 80% without using prior information on breeds. Approximately 60% of the individuals were classified within their source ancestral population with q > 0.8. The Spanish breeds ALIS, MALL, and PALM and the Portuguese BRAV displayed proportions of individuals correctly assigned >90% (q > 0.8). By contrast, 12 breeds displayed <50% of the individuals correctly assigned (q < 0.8). At the given threshold, individuals of the admixed BCOL and the pair PMON, BRUP could not be reassigned to their given breed label nor to any of the breed labels under study.
DISCUSSION
Using 19 microsatellite markers we studied 40 autochthonous breeds from Portugal and Spain, which included endangered populations, as well as commercial cattle breeds with larger census. To our knowledge, this is the most comprehensive genotypic data set and study on the genetic diversity of native cattle from these 2 countries. The 19 microsatellites included in this data set have been recommended by the FAO for diversity analyses in cattle. These markers were among the most informative of the FAO panel, which in part could explain the greater genetic diversity detected in our study, which was slightly greater when compared with that previously reported for Iberian and other European cattle (MacHugh et al., 1997; Martin-Burriel et al., 1999; Cañón et al., 2001; Mateus et al., 2004; European Cattle Diversity Consortium, 2006; MartinBurriel et al., 2007; Medugorac et al., 2009; Ginja et al., 2010b) . However, the greater genetic diversity found in Iberian cattle is consistent with multiple influences over time, mainly through the Mediterranean route but also from North Africa (Miretti et al., 2004; Cymbron et al., 2005; Cortés et al., 2008) , and more recently crossbreeding with other European cattle.
Several publications have reported the presence of zebu and African-type alleles in Portuguese cattle breeds through the analysis of both mitochondrial DNA (mtDNA) and short tandem repeat (STR) markers (Cymbron et al., 1999; Beja-Pereira et al., 2003; Ginja et al., 2009 Ginja et al., , 2010b . Zebu-type alleles have also been previously detected in Iberia (Beja-Pereira et al., 2003; Ginja et al., 2010b ), as we found in our study. In the early decades of the 20th century, southern Iberian cattle populations were crossed with zebu (Miranda do Vale, 1949) and later on with Santa Gertrudis and Nellore (Ralo and Guerreiro, 1981) . Our study confirms the presence of zebu-diagnostic alleles (MacHugh, 1996; Lirón et al., 2006) in Southern breeds (MOST, BCOL, BNEG, PAJU, MARS, AROU, MARI, GARV, and PRET), but this influence is extended to Northern (MINH, BARR, CACH, RGAL, MONC, ASTV, ASTM, TUDA, PASI, BETI, PMON, and BRUP), central (AVIL, MORU, STER, TLID, and BRAV), and island (RAMO) cattle. Moreover, the highly frequent African zebu allele ETH225-157 appeared in VCAN and RGAL cattle. The presence of such a large number of breeds containing African zebu alleles, even populations raised in Northern Iberia, could question the specificity of these diagnostic zebu-alleles. Nevertheless, the African influence in Iberian cattle is now well characterized at the molecular level (STR, mtDNA, and Y chromosome) and is supported by historical information (Cymbron et al., 1999 (Cymbron et al., , 2005 Ginja et al., 2009 Ginja et al., , 2010b . Accordingly, the presence of West African taurine alleles in 12 breeds dispersed throughout the Iberian Peninsula supported the African cattle influence in the Iberian cattle.
Alleles detected exclusively in a particular breed were found in several loci, generally at very small frequen-cies. However, SAYA cattle presented a breed-specific allele at the INRA32 locus, with a frequency greater than 0.4, which has been reported as the predominant allele for this marker in this breed by Cañón et al. (2001) . Similarly, BETI population displayed a rA at the HAUT27 locus at increased frequency (0.237). Genetic drift could have contributed to the increased frequency found for these alleles because the SAYA and BETI populations are at greater risk of extinction.
Some breeds showed decreased genetic diversity, including fighting cattle (TLID and BRAV), island populations (MALL, MENO, and PALM), and the highly threatened GARV, MOST, NAND, and MIRA breeds. In these breeds, departures from HWE were observed, generally due to heterozygosity deficit. For fighting cattle (TLID and BRAV) heterozygote deficit was detected and is consistent with previous analyses (Martin-Burriel et al., 1999 , 2007 Cañón et al., 2008; Ginja et al., 2010b) , and is interpreted as a consequence of both inbreeding and the presence of independent lineages (Wahlund effect). Deviations from HWE found in MERT, PAJU, BNEG, and NAND can also be explained by a Wahlund effect due to breed substructure. On the other hand, the recent history of NAND and MIRA indicates that they have suffered genetic erosion in the last decades due to a bottleneck and consequent genetic drift and inbreeding (DAD-IS, 2010) . For NAND, subsequent dilution occurred through crossbreeding with AVIL cattle, which is a breed with a large population size. Small population sizes, genetic drift, and selection could have contributed to the heterozygote deficit observed in the other breeds. On the other hand, the excess of heterozygotes observed in MINH population is almost certainly a consequence of crossbreeding (Machado, 2000; Ginja et al., 2010b) . The heterogeneity observed in GARV has been explained as the result of genetic erosion of this highly threatened native breed (Ginja et al., 2010b) . To summarize, 2 scenarios have been found in these threatened populations: 1) loss of diversity and accumulated inbreeding in Fighting Bull, island, and highly threatened populations, and 2) genetic drift with few animals representing distinct alleles and genetic erosion due to crossbreeding as observed in specific breeds from Portugal and Spain.
The genetic distances of Reynolds were used to analyze breed relationships between Portuguese and Spanish cattle because they reflect mainly the effect of genetic drift. Phenograms displayed low bootstrap values as expected when a large number of populations is analyzed (Felsenstein, 2004) , and as previously observed in the analysis of closely related domestic breeds with different genetic distances (Beja-Pereira et al., 2003; Cymbron et al., 2005; Lirón et al., 2006) . Although small bootstrap values can be related to the use of a relatively small number of markers, similar results were obtained for subsets of these breeds even when a larger number of polymorphic markers was used (Mateus et al., 2004; Ginja et al., 2010b) .
Iberian cattle have been classified into 3 distinct morphologic groups: Red Convex (Turdetano), Brown Concave (Blond-brown Cantábrico), and Black Orthoid (Iberian; Sánchez-Belda, 1984) . This grouping, however, is not universally agreed upon, and discrepancies exist in the classification of Iberian cattle (Sánchez-Belda, 1984; Fellius, 1995) . In agreement with other studies (Mateus et al., 2004; Ginja et al., 2010b) , our results indicate that Spanish and Portuguese breeds can be grouped according to their geographical location rather than by their morphotypes. Although this assertion is valid for most breeds, some exceptions were found, with the greatest genetic distances being observed between geographical neighbor pairs (i.e., MINH with RGAL, and ALEN with RETI). Admixture with imported commercial breeds could have contributed to this divergence; for example, historical evidence supports crossbreeding in MINH mainly with German Yellow (Machado, 2000; Lenstra and Econogene, 2008) , and in RETI with Limousine (Pérez et al., 2005) before the establishment of herd books. Using both sets of 19 and 15 neutral microsatellite markers, increased bootstrap values were observed only for pairs of breeds that have separated somehow recently and that are genetically entangled, such as BRUP and PMON (which are descendants from the Brown Alpine), BARR and CACH [whose close genetic relationship has been recently reported (Ginja et al., 2010b) ], and MARI with the MIRA breed from which it presumably derives (Gama et al., 2004) . The last 2 breeds formed a clear cluster with ALIS and AROU, which was also supported by STRUCTURE. As for fighting cattle, the clustering of Portuguese and Spanish populations (BRAV and TLID) reflects a common origin or a more recent crossbreeding between these populations or both as is also shown by the STRUCTURE analysis. Despite the greater divergence of PALM, the 2 Canarian populations (PALM and VCAN) clustered together with a relatively large bootstrap value. The presence of cattle in the Canary Islands is relatively recent because cattle did not populate them at the moment of their colonization in the 15th century. Phenotypically, both Canary breeds show greater similarity with northwestern Iberian breeds, but the influence of southern breeds cannot be discarded because the archipelago was an intermediate port during the colonization of America (Rodero et al., 1992) . On the other hand, these islands are located less than 100 km from the African coast, and the influence of African cattle is very likely. Recent mtDNA and Y chromosome haplotype analyses indicated that VCAN was influenced by African cattle either directly or through the influence of southern Iberian breeds (Ginja et al., 2010a) . Accordingly, the African zebu allele ETH225.158 allele (MacHugh, 1996) was detected in VCAN. Studying Y-chromosome markers, Ginja et al. (2010a) found an increased frequency of the H4Y1 haplotype in VCAN, which is common in Northern European commercial dairy cattle, such as Friesian, and Diversity of Iberian cattle suggests further admixture in that breed. On the contrary, PAL showed no African influence and was almost fixed for a highly distinct Y1 patriline (Ginja et al., 2010a) . Although insularity certainly contributed to the isolation of PAL cattle, their genetic distinctiveness could lend support to the application of conservation measures. The possible relationship between MINH and RAMO with Brown Swiss due to their clustering with PMON and BRUP breeds was not confirmed by the STRUCTURE analysis. The influence of other breeds in MINH has been discussed above, and the contribution of other European breeds not included in this analysis could probably explain the clustering of these breeds. For example, crossbreeding between RAMO and Friesian has been reported (Ginja et al., 2009 (Ginja et al., , 2010b .
The results of the analysis with STRUCTURE were mostly in agreement with the genetic distance analysis. Although the first level of population structure was detected at K = 4, consistent with major clusters of the neighbor-joining distance phenogram, subsequent analyses allowed differentiation of most of the breeds included in this study as independent clusters, with the exception of PMON and BRUP, which are the less differentiated populations. The set of 19 microsatellite markers used in this work was useful to differentiate recently derived breeds such as PMON/BRUP from BRSW, MOST from MARS, and MARI from MIRA. Although increasing the number of polymorphic markers used could help to obtain greater resolution, unpublished results from our group indicate that some of the highly related breeds (e.g., PMON and BRUP) might be hard if not impossible to differentiate. Substructure was also detected in a few breeds (MERT, BNEG, and NAND), which is most probably a result of their breeding system. The presence of independent lineages corresponding to distinct morphologic types has been reported in MERT (Ginja et al., 2010b) , and substructure in BNEG and NAND could also be a consequence of reproductive isolation of breed subpopulations. The fact that some breeds are substructured can have consequences to their future management, which could aim at facilitating admixtures between subpopulations, although some degree of heterogeneity should be accepted as part of breed histories, rather than considered a depreciative feature (European Cattle Diversity Consortium, 2006) .
Admixture was detected in 3 of the ancestral clusters (I to III), whereas the breeds within cluster IV were more differentiated, such that the average Q for cluster IV was 0.763, whereas the other clusters have averages less than 0.7. In cluster I, genetic admixture was observed for ASTV, with the influence of 3 clusters corresponding to neighboring populations (ASTM, PASI, and RGAL). In addition, the genetic information shared between Brown Swiss and ASTV was confirmed in an independent STRUCTURE analysis. Similarly, PIRE and MONC clusters contributed to BETI, and both MONC and BETI share a similar feral behavior, morphology, and geographical origin (Martin-Burriel et al., 2007) . In this cluster, 2 representatives of the Iberian trunk, MORU and AVIL, grouped together. In addition to their common morphotype, their location in neighbor regions could have facilitated more recent admixtures. Although STER was included in cluster I, this population did not show admixture with the other breeds included in the cluster. Moreover, STER clustered with Brown Swiss-derived breeds in the neighbor net. We have previously reported the influence of mountain cattle breeds in this population, including Brown Swiss (Martin-Burriel et al., 2007) . The present work confirmed indirect influence of Brown Swiss in STER through PMON/BRUP and showed a common genetic background between STER and ASTV.
In general, high admixture levels were observed in Andalusian breeds (BCOL, BNEG, MARS, MOST, NAND, PAJU, and RETI), reflecting crossbreeding between southern breeds. Two reasons can explain this admixture: 1) the traditional extensive management system of southern breeds, and 2) the late arrival of modern genetic management, such as parentage testing, for breed registration. In the past, these animals were moved in seasonal migrations in search for pastures, and animals from different regions were grouped in specific areas, justifying their admixture. Until the mid 20th century, breeds were officially recognized according to geographical criteria and animals were registered based on phenotypic standards. For instance, the breeds Cardena, RETI, and NAND were considered to be the gray, red, and black varieties, respectively, of the Andalusian breed. Only in the 1970s, Andalusian breeds were managed independently, but their past genetic admixture could still be detected in the genetic analyses.
Our results showed that Portuguese and Spanish breeds were grouped mainly according to their geographic origin, with a weak effect of country delimitations on their genetic differentiation. Historically, there is a strong relationship among the Portuguese and Spanish cattle breeds that are raised in neighboring regions of these 2 countries. In the past, the border was an artificial line in terms of animal breeding. Animal migrations were common for centuries and until herd books were established in the 1970s of the past century. Despite their recent histories and common origins, Portuguese and Spanish cattle are highly structured and most breeds are well differentiated, and in some cases, high genetic distances are found between neighboring breeds. In the near future as a consequence of recent technical advances and development of high-throughput systems, it will be possible to analyze a large number of markers and samples in short time and at considerably less cost. A combined analysis of neutral as well as selected markers should provide more accurate information on breed relationships and population genetic structure.
In conclusion, we report here a comprehensive characterization of the genetic diversity and breed relationships of native cattle from Spain and Portugal. Repro-ductive isolation, inbreeding, and crossbreeding have contributed to the extant genetic composition of these breeds. Commercial European breeds as well as African cattle have contributed to the genetic composition of Iberian cattle; therefore, further work in a wider context of a meta-analysis of European/World cattle is necessary to better understand breed relationships and admixture. Relationships among Iberian cattle reflect their geographical distribution rather than phenotypic breed groups. Management and breeding programs must be carefully considered to minimize inbreeding, maintain overall genetic and allelic diversities, and account for within-breed genetic structure.
